INTRODUCTION
Transcription pausing of RNA polymerase has been observed on a variety of DNA templates in vitro. Collectively, two classes of transcriptional pause sites have been described. The first class of pause sites are found just downstream of regions of dyad symmetry (1 -6) . Conversely, the second class of transcription pause sites occurs in regions which are not able to form any known RNA secondary structures (7) (8) (9) (10) (11) (12) .
Transcription pausing is an important step in regulation of transcription attenuation. In vitro transcription studies with DNA templates carrying the thr operon regulatory region have shown that RNA polymerase pauses at closely-spaced sites near position +110 of the thr leader (3) . The sites are distal to a region of dyad symmetry which codes for an RNA hairpin in the transcript (1:2 structure). Transcription pausing after synthesis of the first leader RNA hairpin also has been observed in the trp (1, 13, 14, 15) , HvB (5), i/vGEDA (5) , pyrBl (16) , and his (17) biosynthetic operons. RNA polymerase pausing at these sites is thought to play a key role in synchronizing transcription with translation of leader peptide. According to the current model of transcription attenuation, the pause in elongation allows sufficient time for a ribosome to attach to the leader transcript and commence synthesis of the leader peptide. This could ensure close coupling of transcription and translation through the remainder of the leader region which is necessary for regulation of termination (18, 19) . In addition, the thr (20) and trp (15) paused leader RNAs synthesized in vivo have been isolated. In the case of the trp operon, translating ribosomes have been shown to release the paused ternary complex and restore the transcriptional activity of the trp complex (14) .
It has been suggested that formation of a stable RNA hairpin structure in the nascent transcript signals RNA polymerase to pause (4, 12, 21) . There are at least two mechanisms by which the signal could occur. The hairpin itself could interact with RNA polymerase to convert it into a pause conformation or the hairpin could disrupt the RNA-DNA duplex in the transcription bubble which might convert the enzyme into the pause conformation. The half-life of the pause can often be correlated to the predicted stability of the hairpin. Mutations that alter the predicted stability of RNA secondary structures have been shown to decrease the RNA polymerase pausing in the 1:2 region of the trp leader (13) . In addition, transcription pausing of RNA polymerase in the trp leader is suppressed by addition of a synthetic oligonucleotide that is complementary to the promoter-proximal arm of the 1:2 hairpin structure (22) . Presumably the oligonucleotide forms a DNA-RNA duplex which prevents formation of the hairpin.
Analyses of ternary complexes formed on templates containing the Tac (23) and lacU\5 (24) promoters indicate that RNA polymerase undergoes structural changes as it initiates transcription and forms an elongation complex within 20 bp of the initiation site. However, the structural features of the ternary complexes bearing longer transcripts are not well defined. Landick and Yanofsky (25) have used a gel-filtration method to isolate the trp leader paused ternary complex which contains the 92-nucleotide nascent transcript. Structural analysis of this paused complex showed that approximately 30 bp on both DNA strands are protected by RNA polymerase from digestion by exonucleases. In this study, we determined the exact sites of transcriptional pausing in the thr leader region. In addition, by using enzymatic and chemical footprinting techniques, the interactions of RNA polymerase and DNA template in the paused ternary complexes were explored.
MATERIALS AND METHODS Chemicals and Enzymes [a-
32 P] GTP (800 Ci/mmole) and [a- 32 P] dATP (3,000 Ci/mmole) were purchased from Amersham. P] ATP (6,000 Ci/mmole) was purchased from New England Nuclear. Nucleoside triphosphates [HPLC grade], the dinucleoside triphosphate ApU, and Sephadex G-50 were obtained from Pharmacia Inc.. Dimethylsulfate was purchased from Aldrich Chemical Co. RNA polymerase holoenzyme purified from an E. coli strain NO3273 carrying the rpoB114 (Rif; Ser 531 to Phe) allele was purchased from Promega. T4 polynucleotide kinase was obtained from New England Biolabs. T4 DNA ligase, mungbean nuclease, and all restriction endonucleases were purchased from Bethesda Research Labs. Bovine pancreatic deoxyribonuclease was obtained from Worthington Biochemicals. Purified NusA protein was a gift from Dr. R. Landick.
Plasmid Constructions
A plasmid containing the phage T7 early promoter (T7A1) and the E. coli thr operon leader DNA was constructed as follows. A 557-bp HincU-EcoRl fragment was isolated from the M13mpll-tfir derivative (26) and the 5'-protruding end of the DNA fragment was removed by treatment with Mung-bean nuclease. The resulting blunt-ended fragment was inserted into the HincU site of plasmid pRL418 (17) to generate plasmid pMT-100. The E. coli thr promoter was then deleted from the plasmid pMT-100 as follows. A 365-bp HincU-Mlul fragment containing the thr promoter and leader peptide coding sequence was isolated from plasmid pMT-100 and digested with Rsal endonuclease which cleaves between the promoter and leader sequence. The 77-bp Rsal-Mlul fragment containing the thr operon leader sequence was then inserted between the HincU site and Mlul site of plasmid pMT-100. The resulting plasmid, pMT-101, contained a fusion of the phage T7A1 promoter to the thr leader regulatory region. This procedure formed a construct that contains a deletion of the thr promoter but retains thr sequences from +32 to +291. The thr sequence includes the entire leader peptide, the pause sites, the attenuator, and 99 bp of the thr A gene. A 561-bp Sstl fragment was used as template in the in vitro transcription reactions (Fig. 1A) .
A second £coRI site downstream from the thr leader sequence was created by insertion a 10-bp EcoRI linker into the Sphl site of plasmid pMT-101 to form plasmid pMT-102. Plasmid pMT106 was constructed by removing the 200-bp Mlul-Pstl fragment of pMT-102 carrying the attenuator and N-terminal of thrA and replacing it with an 82-bp Mlul-Pstl fragment from plasmid pTZ-19tt (27) . This construction placed the thr pause sites about 82-86 bp from the £coRI site so that the region of the footprint gels containing the pause site could be adequately resolved. The 32 P-end labelled 453-bp Kpnl-EcoKl fragment was used as template in the footprint analysis (Fig. 1A) .
The transcripts from the T7A1 promoter of plasmids pMT-101 and pMT-106 contained 32 nucleotides at the 5'-end derived from the vector fused to A 34 of the thr leader. As a result, the paused hybrid transcript was one nucleotide shorter than the authentic thr paused RNA. For consistency, bases in the hybrid leader transcript from position A 34 were assigned the same numbers that they have in the authentic thr transcript.
In Vitro Transcription Reactions
Synchronized single-round transcription reactions were performed as described by Levin et al. (28) . E. coli RNA polymerase (30-50 nM) and the appropriate DNA templates (20 nM) were incubated in transcription buffer (20 mM Tris acetate, pH 7.9, 0.1 mM Na 2 EDTA, 0.1 mM dithiothreitol, 4 mM magnesium acetate, 150 mM KC1) containing 20 /ig/ml of acetylated bovine serum albumin, 50 /iM ApU, and 5 /*M each of ATP, CTP and [a-
32 P] GTP (800 Ci/mmole) in a final volume of 20 y\. After incubation at 37 °C for 15 minutes, an equal volume of cold dilution buffer (2 X transcription buffer, 40 /ig/ml BSA and 10% glycerol) was added to the reaction mixtures. The A20 complexes formed on the DNA templates were loaded onto 1 ml Sephadex G-50 spin columns. The columns had been equilibrated with transcription buffer prior to loading and were centrifuged for 2 minutes at low speed to separate the unincorporated nucleotides. Elongations of the A20 complexes were carried out at the indicated temperatures and initated by addition of the four nucleoside triphosphates to the final concentrations indicated. Aliquots of reaction mixtures were removed at the indicated times after addition of the four nucleoside triphosphates and resuspended in an equal volume of formamide-dye solution (80% formamide, 0.05% bromophenol blue, 0.05% xylene cyanol). The reaction mixtures were then analyzed on 8 % polyacrylamide, 8 M urea gels in 1X TBE buffer (134 mM Tris base, 44 mM Borate, 2.5 mM EDTA). The position of each radioactive RNA band in the gel was identified by autoradiography. The amount of radioactivity in each species was measured by excising the appropriate gel slice and counting it in a liquid scintillation counter.
DNA Labeling
A 469-bp DNA fragment was produced by £coRI digestion of plasmid pMT106. After bacterial alkaline phosphatase treatment, the fragment was purified by electrophoresis on a 5% polyacrylamide gel. The DNA was then dissolved in kinase buffer (50 mM Tris-HCl, pH 7.6, 10 mM MgCl 2 , 5 mM dithiothreitol) and labeled at the 5'-ends with [7- 32 P] ATP (6,000 Ci/mmole) and T4 polynucleotide kinase. After incubation at 37°C for 1 hour, the kinase was inactived by heating at 70°C for 15 minutes. The 32 P-labeled DNA fragment was subsequently digested with Kpnl to produce a 453-bp fragment labeled at one end.
The 3'-ends of the DNA fragment were labeled as described by Maniatis et al. (29) . The DNA fragment was dissolved in nick translation buffer (50 mM Tris-HCl, pH 7.5, 10 mM MgSO 4 , 0.1 mM dithiothreitol, and 50 /ig/ml bovine serum albumin) and the DNA polymerase Klenow fragment and [<x- 32 P] dATP (3,000 Ci/mmole) were used to fill in the EcoRl ends. After incubation at room temperature for 15 minutes, the reaction was chased with dATP and TTP for 5 minutes. The 32 P-labeled DNA fragment was then digested with Kpnl to produce a 453-bp fragment labeled at one end. The single-end-labeled fragments were phenol extracted, ethanol precipitated and used directly in the gel-mobility and footprinting analyses.
Non-denaturing Gel Electrophoresis
The protein-DNA complexes in the transcription reactions were separated by a modification of the method described by Straney and Crothers (30) . In vitro transcription reactions were carried out as described above using the 453-bp 32 P-labeled Kpnl-EcoRl fragment as template. In the control experiment, a 469-bp unlabeled £coRI fragment was used and [a-32 P] GTP was incorporated into the first 20 nucleotides of the nascent RNA. The reactions were stopped by addition of one-tenth volume of sucrose loading buffer (60% sucrose, 0.1% bromophenol blue, and 0.1 % xylene cyanol). One /tl of sonicated calf thymus DNA (1 mg/ml) was added to each reaction mixture prior to loading onto a 4% polyacrylamide (38:2 acrylamide/bis) gel. The electrophoresis buffer was 1X TBE buffer. Gels were prerun at room temperature for one hour and electrophoresis was carried out at 150-200 volts for 10 hours at room temperature. After electrophoresis, gels were subjected to autoradiography at 4°C.
DNA Footprint Analyses
DNase I footprint analyses were performed in 30 /tl reactions containing the transcription buffer supplemented with 2 mM CaC^ and 1 mM /3-mercaptoethanol. The protein-DNA complexes were incubated with heparin (50 /tg/ml) prior to DNase I cleavage. DNase I digestion was carried out by the addition of 1.5 ill of a 1:450 or 1:500 dilution of DNase I (2.5 mg/ml) to the reaction mixtures followed by incubation at room temperature for 1 minute. Digestion was stopped by addition of 1 /tl of 50 mM EGTA and 1 /tl of calf thymus DNA (1 mg/ml). Samples were mixed with one-tenth volume of sucrose loading dye prior to electrophoresis on 4% nondenaturing polyacrylamide gels. Electrophoresis was carried out as described above and the positions of each radioactive band in the gel were identified by autoradiography. The DNA bands were excised from the gels and were eluted by incubating the gel slices in 1 ml of TE buffer containing 0.1% SDS for 24 hours at room temperature. The DNA was precipitated with ethanol, dried under vacuum, and dissolved in formamide loading dye. Samples were then heated at 90°C for 3 minutes and electrophoresed on 8% polyacrylamide, 8 M urea gels in 1X TBE buffer.
Hydroxyl radical footprinting analysis was performed by a modification of the procedure described by Tullius et al. (31, 32) . The experiments were carried out in 30 /tl of transcription buffer minus glycerol. Samples from transcription reactions were mixed with 3 /tl of a solution containing 2 mM Fe(NH4)2-(SO4)2.6H 2 O and 4 mM EDTA. Hydroxyl radicals were generated by addition of 1.5 /tl each of 20 mM sodium ascorbate and 1.2% H2O2. The reactions were incubated at room temperature for two minutes and terminated by addition of 3 /tl of glycerol loading buffer (50% glycerol, 0.1% bromophenol blue, and 0.1 % xylene cyanol). The samples were loaded and run on a 4% nondenaturing polyacrylamide gel. DNA elution, precipitation, and denaturing gel electrophoresis were performed as described for the DNase I experiments. Autoradiographs from DNase I and hydroxyl radical footprint analyses were scanned with a LKB Ultrascan XL densitometer.
Dimethylsulfate protection experiments were carried out essentially as described by Gilbert and Siebenlist (33) . Samples from transcription reactions were incubated with heparin to a final concentration of 50 /tg/ml and chilled on ice prior to methylation. Reactions were carried out by addition of 1 /tl of 0.1 M dimethylsulfate followed by incubation at room temperature for 1 minute. The reactions were stopped by addition of 3 /tl of 0.2 M dithiothreitol and 4 /tl of sucrose loading dye. Samples were loaded on a 4% nondenaturing polyacrylamide gel. After electrophoresis, the DNA was eluted from the gel slices and precipitated with ethanol as described above. The DNA was then resuspended in 100 /tl of 1 M piperidine and heated to 90°C for 3 minutes. The samples were dried under vacuum, resuspended in formamide-dyes, and electrophoresed on an 8% acrylamide, 8 M urea gel.
RESULTS

In Vitro Transcription Pausing at Different Reaction Temperatures
The DNA template used for in vitro transcription studies was the Sstl fragment of plasmid pMT-101 that contained the T7A1 promoter and most of the thr operon leader region including the pause sites and the attenuator ( Fig. 1A and IB) . E. coli RNA polymerase formed a stable ternary complex at position +20 (A20 complex) on the DNA template when the reaction was initated with the dinucleotide ApU and substrates ATP, CTP and [a-
32 P] GTP. Under these conditions, the complex transcribes to position +20 and stops because the next substrate to be incorporated is UTP (17) . The unincorporated nucleotides were removed from the A20 ternary complex by centrifugation through small columns of Sephadex G-50.
Synchronized single-round transcription reactions were carried out by adding the four nucleoside triphosphates at optimal concentrations to the A20 complex. For comparison, elongations of the A20 complex were performed at three different temperatures: 37°C, 20°C and4°C. Aliquots of these reaction mixtures were removed at different times after elongation was induced and transcription was stopped by addition of formamidedyes. The transcribed RNA was subjected to electrophoresis on 8% polyacrylamide, 8 M urea gels in 1 x TBE buffer and the RNA products were visualized by autoradiography.
Three strong paused transcripts (P in Fig. 2 ) were observed when elongation of the A20 complexes was performed at 37 °C or 20°C. These paused transcripts were observed after 10 to 20 seconds of transcription and the majority disappeared after 20 seconds. The terminated transcripts were also observed after 10 to 20 seconds of transcription and the intensities of the terminated transcripts were unchanged as the incubation time increased from 20 seconds to 5 minutes. A dramatic increase in the half-life of paused transcripts was observed when the elongation reaction of the A20 complex was performed at 4°C. Four major paused species, including the three paused bands that were observed when the reactions were carried out at 20° or 37°C, were identified. In addition, several shorter paused transcripts also were observed. The accumulation and disappearance of these paused transcripts was extended to 20 minutes at this lower reaction temperature.
Determination of the Transcriptional Pause Sites in the thr Leader
The exact sites of transcriptional pausing in the thr leader region were determined by a procedure described by Chan and Landick (17) . The method is based on the observation that transcriptional pausing of RNA polymerase is enhanced when the concentration of the next nucleoside triphosphate to be added to the transcript is limited.
The A20 complexes were prepared by the method described in the 'Materials and Methods.' Elongation of the substrate-free A20 complexes was performed at 20°C and was initiated by addition of three nucleoside triphosphates at concentrations of 500 yM while limiting the fourth at a concentration of 5 yM. Four separate reactions, each containing one substrate at reduced concentration, were carried out simultaneously. Aliquots of the reaction mixtures were removed at various times and the transcription products were processed and analyzed as described in the 'Materials and Methods.' Figure 3 shows an autoradiogram of the in vitro transcription products. The positions of the paused transcripts were determined by comparing the patterns of the enhanced pause bands in the four reactions with the known sequence of the thr leader region. (A) The A20 ternary complexes were prepared as described under 'Materials and Methods' using the 561-bp Ssll fragment of plasmid pMTlOl as template. Elongation of the A20 complexes was carried out in the presence of 500 jtM each of ATP, CTP, GTP, and UTP in a final volume of 30 y\. The reactions were incubated at the indicated temperatures. At the appropriate times aliquots were removed, transcription was stopped, and the samples were analyzed on an 8 M urea, 8% polyacrylamide gel. Samples for electrophoresis were taken at: The results show that each reaction gives specific paused species that correspond to most of the positions in the transcript where the limiting base occurs. However, four closely spaced transcriptional pause bands with significant enhancement in halflives were observed. The results showed that RNA polymerase paused immediately prior to addition of G 112 and G" 4 to the nascent transcript when GTP concentration was limiting. The other two enhanced pause bands represented the transcripts which stopped immediately prior to U" 5 and A 116 under limiting UTP and ATP conditions, respectively.
For comparsion, the paused transcripts from the GTP-limiting experiment were electrophoresed in a lane adjacent to the samples containing the paused RNAs formed at optimal substrate concentrations at the three different temperatures. As can be seen in lane 1 of Figure 2B , the two enhanced paused transcripts from the GTP-limiting experiment, G 112 and G" 4 , were each one nucleotide shorter than the paused transcripts formed at optimal substrate concentration.
These results show that G 112 , G 114 , U" 5 and A 116 are the pause sites in the thr leader. The paused transcript corresponding to U" 5 was observed only when reactions were performed at 4°C (Fig. 2A) . The sites of transcriptional pausing of RNA polymerase in the thr leader occurred at positions G 112 , G" 4 and A" 6 when elongation reactions were performed at optimal substrate concentrations in vitro at 20°C and 37°C.
Experiments similar to the one described in Figure 3 were performed with NusA protein in the transcription reactions. The results showed that the half-lives of the four closely-spaced paused transcripts were significantly enhanced when NusA protein was added to a final concentration of 5 /tg/ml in the transcription reactions (Fig. 4) . In addition, the half-lives of most other paused transcripts were either lengthened or unchanged when the NusA protein was added to the reactions. 
Enhanced Transcription Pausing with Suboptimal Nucleoside Triphosphate Concentrations
In an attempt to isolate the paused ternary complex for footprint analysis, the effects of a further decrease in the nucleoside triphosphate concentrations in the in vitro transcription reactions were tested. Presumably the half-lives of the paused ternary complexes could be extended by elongation of the A20 complexes CTP CTP CTP at a lower substrate concentration so that they would not elongate during the subsequent manipulations. Experiments analogous to the ones described in Figure 3 were performed with the concentration of the limiting nucleoside triphosphate at 0.25 yM (ATP, GTP, and CTP) or 0.5 pM (UTP) and the other three NTPs at 500 /iM. The results of substratelimiting experiments are shown in Figure 5 . Most of the RNA polymerase molecules were stalled upstream of the pause sites when the ATP or CTP concentrations in the transcription reactions were limited (Fig. 5A, panel ATP and CTP) . This is presumably because the sequence of the thr leader is rich in A and C residues. However, when the reaction was carried out with the GTP concentration at 0.25 /iM, the paused transcription complexes at positions +111 and +113 were the major transcription products (Fig. 5A, panel GTP) . In addition, the results show that the majority of ternary complexes were halted at these pause sites 60 minutes after elongation was induced .
The ability of the RNA polymerases in the GTP-limiting paused ternary complexes to engage in active transcription of the DNA template also was examined. This was done by addition of GTP to a final concentration of 500 /tM to the paused complexes that were formed after 40 minutes. The reaction was incubated at 37°C for 5 minutes. The results showed that the majority of the paused RNAs could be chased into longer transcripts which P-end-labeled and used in the transcription reactions. The A20 complexes and the transcriptional pause complexes were prepared as described in the legend to Fig. 5 . Heparin (50 /ig/ml) and calf thymus DNA (1 mg/ml) were added prior to loading on the gel. The samples for electrophoresis were removed arid analyzed on a 4% nondenaturing polyacrylamide (38:2, acrylamide/bis), TBE gel. Lane 1: P] GTP was removed through a Sephadex G-50 spin column by low-speed centrifugation. Elongations of the A20 complexes were carried out and analyzed essentially as described in (A). Lane 1: formation of the A20 ternary complexes. Lane 2: elongation of the A20 ternary complexes under limiting GTP conditions. Lane 3: chase of the paused complexes in the presence of the 4 NTPs at 500 /iM. Bands corresponding to the free DNA fragment (F), the A20 ternary complexes (A20). the transcriptional pause complexes (P, and P 2 ), and origin of the gel (O) are indicated.
terminated at the thr attenuator (Lane 1 of Fig. 5B ). This clearly demonstrated that most RNA polymerases in the paused ternary complexes still retained the ability to catalyze transcription.
Gel Retardation Assays of the Paused Ternary Complexes
It has been shown that different species of protein-DNA complexes can be distinguished by the gel-mobility assay and relatively pure and stable paused ternary complexes could be observed (23, 30, 34) . The elongation reactions yield a mixture of transcriptional products which include free DNA templates and paused ternary complexes. In order to separate the paused ternary complexes from the other species, the reaction mixtures were subjected to electrophoresis on a 4% nondenaturing polyacrylamide gel (Fig. 6) . Lanes 1 and 2, respectively, in Figure 6A show the [7- 32 P] ATP labeled DNA fragment and the substrate-free A20 complex isolated from the Sephadex G-50 column. The formation of the A20 complex (A20) decreased the mobility of the DNA template. The substrate-free A20 complex was then elongated in the presence of heparin to prevent new initations from the promoter. When the A20 complex was elongated for 40 minutes with GTP at 0.25 nM and the other three NTPs at 500 /tM, most of the A20 complexes were chased into complexes with slowermobilities as shown in lane 3. Two major paused ternary complex bands (P, and PJ which showed slower mobilities than the A20 complex band were observed. The slower running band (P2) probably represents DNA templates bearing more than one RNA polymerase. These paused transcripts were chased into longer transcripts and terminated at the thr attenuator when all 4 NTPs were added at their optimal concentrations and only free DNA template was observed in the gel (Lane 4).
The assignment of each labeled species was further confirmed by experiments in which an unlabeled DNA fragment was used m Fig. 8 . Hydroxyl radical footprints of the transcriptional pause complexes. The preparation of the paused transcription complexes were identical to that described for DNase I footprint analysis. The reaction mixtures containing the pause transcription complexes were subjected to hydroxyl radical cleavage before loading onto a 4% non-denaturing polyacrylamide gel. Different species of the protein-DNA complexes were separated by gel electrophoresis and identified by autoradiography. The samples were then isolated from the gel and analyzed on an 8% poryacrylamide, 8M urea gel. Lane 1: products of the free DNA template (control). Lane 2: products of the free DNA template isolated from a nondenaturing polyacrylamide gel (F). Lane 3: products of the slower migrating transcriptional pause complexes (P 2 )-Lane 4: products of the transcriptional pause complexes (P,). Lane 5: products of the free DNA template (F), +NusA. Lane 6: products of the slower migrating band of the transcriptional pause complexes (P 2 ), +NusA. DNA sequencing reactions performed according to Maxam and Gilbert (25) showing A+G or C+T cleavages are indicated. '*' mark the positions of the two transcriptional pause sites (+111 and +113) under limiting GTP conditions. as a template and the nascent RNA was labeled. Experiments similar to those described in Figure 6A were carried out with [a-32 P] GTP incorporated into the first 20 nucleotides of the RNA transcript. The A20 complex formed on the DNA template was then separated from the unincorporated [a- 32 ?] GTP (Fig.  6B, Lane 1) . Addition of GTP-limiting substrates to the A20 complexes resulted in the formation of new bands with slower mobilities (Fig. 6B, Lane 2) . The mobilities of the predominant bands in lane 1 and lane 2 were the same as the corresponding species in Figure 6A . In agreement with previous observations, these paused transcripts could be chased into longer transcripts and released from the DNA template (Fig. 6B, Lane 3) . Since the size of the RNA transcript (164 nucleotides) is much shorter than the DNA template (469 bp), the labeled transcript was run off the gel.
DNase I Footprint Analyses of the Paused Ternary Complexes
The paused transcription complexes for footprint analysis were prepared as follows. Transcription reactions identical to those described above were carried out by elongation of the A20 complex formed on the labeled DNA template in the presence of ATP, CTP, UTP each at 500 jiM and GTP at 0.25 M M. After incubation at room temperature for 40 minutes, the reaction mixtures were treated with eimer enzymatic or chemical cleavage reagents before loading on a 4% nondenaturing polyacrylamide gel. The different species of protein-DNA complexes were separated by gel electrophoresis and identified by autoradiography. The relative mobilities of the ternary complexes were unchanged by enzymatic or chemical treatments (data not shown). The DNA from the specific protein-DNA complexes was isolated from the gels and analyzed on 8% denaturing gels. Figure 7 shows the autoradiogram of the DNase I footprint analysis of the bottom (template) and top (non-template) strands of the DNA. The results showed that RNA polymerase in the paused ternary complexes partially protected a region of approximately 35 base pairs on both strands of the DNA template from DNase I cleavage. However, there was no detectable protection of the same DNA sequences for the samples derived from either the unbound DNA template or the A20 complex. The top DNA strand was protected by RNA polymerase from approximately +92 to +127, 19 nucleotides upstream and 14 nucleotides downstream of the pause sites.
A similar protection pattern by RNA polymerase of the bottom strand of DNA template was found. The sequence from approximately +91 to +125 was protected by RNA polymerase. An interesting observation is that the two paused species (P, and P 2 ) had the same protection patterns around the pause sites, in spite of the fact that these two paused species have different mobilities on nondenaturing polyacrylamide gel. However, the P 2 complex had a region that showed DNase I hypersensitivity in the region extending from approximately -13 to +1 (Lanes 3 and 4, panel A), interestingly, a similar pattern of enhanced cleavages from DNase I was also observed in the A20 complex (Lanes 7 and 8). Furthermore, RNA polymerases in the A20 complex partially protected the sequence from approximately +2 to +25 from DNase I cleavage. It should be noted that the DNase I footprint in these regions was too distant from the 32 P-labeled £coRI end to be resolved well. Further analyses will be necessary to accurately determine the sites of protection and enhancement of DNase I cleavage in these regions.
NusA protein has been shown to protect the RNA hairpin structure in the trp leader paused complex from ribonuclease Tl digestion (25) . In addition, the half-life of the thr leader pause complexes was significantly enhanced when NusA protein was included in the elongation reaction. To detect any possible structural or conformational change in the paused ternary complexes caused by NusA protein, a similar footprint analysis was carried out in the presence of NusA protein. However, no significant difference in the protection patterns was observed (data not shown). These results indicate that the nature of the interactions between RNA polymerase and DNA template in the paused ternary complexes remain unchanged in the presence of NusA protein.
Hydroxyl Radical Footprint Analyses
The interactions of RNA polymerase and DNA template at the transcriptional pause sites were further studied by using hydroxyl radical cleavage. The hydroxyl radical is a small molecule which attacks the deoxyribose residues of the DNA and causes a break in the sugar-phosphate backbone (31, 32) . The advantage of using hydroxyl radicals as a cleavage reagent is that, unlike DNase I, there is almost no sequence or base specificity in the cleavage reaction. In addition, structural information about the protein-DNA complex on the surface of a DNA molecule can be revealed by this method. In this study, hydroxyl radicals were generated by reducing hydrogen peroxide with iron (II). Figure 8 shows the autoradiogram of the iron-hydroxyl radical cleavage reactions on the bottom strand of the DNA template. The protection patterns by RNA polymerase on the bottom strand of the DNA template showed that the free DNA fragment from the transcription reaction (Lane 1) and the unreacted DNA template isolated from the nondenaturing gel (Lane 2) had nearly equal intensities. DNA sequences protected by RNA polymerase were observed with the paused ternary complexes, P 2 and P, as indicated by the bands with reduced intensities (Lanes 3 and 4). The results showed that RNA polymerase spanned the region from approximately +89 to +123 on the top strand (data not shown) and from +89 to +125 on the bottom strand. These results demonstrate that the regions protected by RNA polymerase from hydroxyl radical cleavage are consistent with those found using DNase I footprinting analysis. In addition, the hydroxyl radical footprint was unchanged in the presence of NusA protein (Fig. 8 , Lanes 5 and 6).
Dimethylsulfate Footprint Analyses
Dimethylsulfate has been utilized in chemical sequencing and for monitoring specific protein-DNA interactions (33, 35) . This reagent specifically modifies the N-7 position of guanine in the major groove and the N-l of adenine in the minor groove (35) . In addition, the N-3 position of cytosine in single stranded DNA also can be attacked (36) . There was no distinctive methylation protection or enhancement of purine residues observed in the region which was protected from DNase I and hydroxyl radical attack (data not shown). This result suggests that the amino acid residues of the RNA polymerase do not form specific contacts with the purine residues of the DNA template in the paused ternary complex.
DISCUSSION
The data presented in this study demonstrate that E. coli RNA polymerase pauses at distinct sites immediately distal to a region of dyad symmetry which encodes the 1:2 hairpin in the thr leader RNA. These pause sites are closely-spaced to each other and occur at positions G" 2 , G" 4 and A 116 of the thr leader RNA. Transcription pausing in the leader regions of the trp (1), ilvB (5), ilvGEDA (5) and his (17) operons also occurs immediately after the synthesis of the first leader hairpin structure although in these cases pausing occurs at a single position.
The heterogeneity in the sites of transcriptional pausing in the thr leader has also been observed previously (3) . The 3'-ends of the paused leader transcripts initiated from the thr promoter were mapped by the digestion of [a-
32 P] UTP labeled paused RNA with RNase Tl and two dimensional fingerprinting analysis. The analysis revealed that the major pause sites of the thr leader transcripts occur in the region between +107 to +114, although the method used could not determine the exact sites. Thus, results from this work are consistent with and extend the analysis of the previous study.
When the elongation reactions were carried out at 37 °C and 20°C with optimal substrate concentrations, the half-lives of the thr pause complexes, which were at most a few seconds, were too short to be determined accurately. However, the half-life of the paused complex increased to about 4.1 minutes when the reaction was performed at 4°C (M.T.Yang and J.F.Gardner unpublished data). The delayed appearance of both the paused and terminated transcripts also indicate that the elongation rate of RNA polymerase is decreased at a lower reaction temperature. Although there is pausing at discrete sites upstream of the pause sites on the DNA template at 4°C, transcription complexes at the pause sites show the most significant enhancement in halflife. Interestingly, the paused transcript at U" 5 was clearly present when the elongation reaction was performed at 4°C or when the UTP concentration was lowered to 5 /tM, but was not detected at 37°C and 20°C with optimal substrate concentrations.
In order to perform footprint analyses of the paused complex, it was necessary to find conditions where the paused complex was a major component of the transcription products. Results from the substrate limitation experiments show that after 40 minutes of transcription at 20°C the complexes that pause before the G residues at +112 and +114 were enhanced when the GTP concentration was 0.25 /iM. Under these conditions, the two complexes were the major products (Fig. 5 ) and these conditions were used to generate samples for gel-mobility and footprint analyses.
The gel-mobility assays of the paused ternary complexes show that different species of protein-DNA complexes can be distinguished by electrophoresis in a native polyacrylamide gel. The assay showed that a major species of complex was resolved under conditions that were used to form the A20 complex. When the A20 complex was elongated, two major species (P, and P£ were resolved. The A20 complex has a faster mobility than the paused ternary complex (P|). This is likely due to the fact that the length of the nascent transcripts in the P] complex (111 and 113 nucleotides) is longer than those in the A20 complex (20 nucleotides). Since the elongation reactions were carried out in the presence of 50 /tg/ml of heparin, nonspecific binding of RNA polymerase to the DNA template should be greatly reduced. It is likely that the band P 2 , which displays a slower mobility than Pi represents the paused complex bearing an additional RNA polymerase at the T7A1 promoter which bound to the DNA before the addition of heparin (see below). In addition, the RNA polymerases in the paused ternary complexes are capable of continuing transcription of the DNA template. In the presence of the 4 NTPs, both of the paused complexes could be chased into full-length transcripts (Fig. 2B and Fig. 6 ).
Krummel and Chamberlin (23) In the open complex, the footprint lies from position -57 to +20 while the footprint is extended from positions -57 to +24 in the 5 to 8 base transcripts. As the complex elongates to 10 or 11 base transcripts, sigma factor is released and the size of the footprint is reduced to 62 bp, between positions -30 to +32 in the template. Carpousis and Gralla (24) In this study, the thr leader paused complexes paused immediately before residues G" 2 and G 114 of the nascent transcript were isolated and analyzed with enzymatic and chemical cleavage reagents. We were interested in examining the footprint at the thr pause sites because the conformation of the thr paused complex might differ from that of an elongation complex immediately distal to the promoter because an RNA hairpin forms in the nascent transcript which could change the size of the footprint. In addition, DNase I and hydroxyl radical footprint analyses of a complex at a natural pause site have not been done.
Results from this work show that RNA polymerase in the paused ternary complexes protected a region of approximately 35 bp on both strands of the DNA template from DNase I and hydroxyl radical cleavage. The DNA segment protected by RNA polymerase is approximately 19 nucleotides upstream and 14 nucleotides downstream of the pause sites (Fig. 9) . Thus, the extent of protected DNA both 5' and 3' of the pause sites is similar to that observed for the paused complex on lac UV5 DNA. The differences in the amount of DNA protected on both sides of the pause site in the thr and trp complexes could be due to differences in the two types of enzymatic cleavage reagents used (25) .
Taken together, these results are consistent with a model that suggests that the transcription complex undergoes a major isomerization when it switches from the initation complex to the elongation complex (23, 24) . The DNA segment protected by RNA polymerase from DNase I cleavage decreases from approximately 60-80 bp in the initiation complex to 30 bp in the elongation complex 16 bp or further downstream of the initiation site (24) . The data presented here show that the footprint of the thr paused complex is similar to that of the lac elongation complex suggesting that the conformation of this elongation complex may be maintained when the polymerase has reached the transcriptional pause site.
The half-life of the thr leader pause complex was shown to increase in the presence of NusA protein. Similarly, transcription complexes paused at the trp (13, 22, 25, 37) and his (17) pause sites are enhanced by NusA protein. NusA protein has been shown to protect the RNA hairpin structure from ribonuclease Tl digestion and it has been suggested that it may stabilize the RNA hairpin (25) .
Although there is evidence that NusA protein interacts with the transcript in paused complexes, footprint experiments that examine possible NusA interactions with the DNA template in these complexes have not been performed. In addition, it is important to know if NusA protein shifts the footprint patterns to one similar to the footprint observed by Landick and Yanofsky (25) at the trp pause site. Thus, we were interested in performing footprint analysis of the paused complexes in the presence and absence of NusA protein. We found no detectable changes in the DNase I and hydroxyl radical protection patterns when NusA protein was present in the reaction mixtures at a concentration where it enhances pausing. This result indicates that the nature of interactions between RNA polymerase and DNA template remain unchanged in the presence of NusA protein. In addition, it is unlikely that NusA protein contacts the DNA template directly in the paused ternary complex.
Carpousis and Gralla (24) have also used dimethylsulfate as probe to analyze the protein-DNA interactions at the promoter region or in the paused complex 16 bp downstream of the E. coli lac UV5 promoter. They found no protection of purine residues in the paused complex indicating that there are no detectable base-specific contacts between RNA polymerase and the DNA template in the lac UV5 complex. In this study, we attempted to probe RNA polymerase and DNA interactions in the thr leader paused complexes with dimethylsulfate. In spite of the fact that there are a total of 13 G residues in the DNA sequence protected by RNA polymerase from DNase I cleavage, chemical modification of the thr leader paused complexes with the dimethylsulfate probe revealed no protected G residues. These results are similar to those of Carpousis and Gralla and suggest that there are no detectable specific interactions between RNA polymerase and dG residues in the DNA template in the paused complex.
It has been proposed that the transcription bubble of melted DNA, approximately 18 nucleotides in length, is maintained during elongation (38, 39) . The DNA sequence which would form the single-stranded transcription bubble in the pause complex is G + C-rich in sequence; however, our results showed that no cytosine residues on either the top or bottom strand of DNA template were methylated by dimethylsulfate (data not shown). The reason why we were unable to detect cytosine residues that are presumed to be part of the single-stranded DNA of the transcription bubble by using dimethylsulfate probe is not clear. However, failure to detect the melted cytosine residues in the lac UV5 paused complex (24) and the trp open promoter complex (36) has been reported previously. It is possible that several bases in the transcribed strand of the DNA template remain hybridized with the nascent RNA forming an RNA-DNA duplex in the transcription bubble. Thus, some of the melted cytosine residues in that strand of DNA would not be susceptible to methylation. In addition, RNA polymerase might shield the melted cytosine residues from attack by dimethylsulfate.
